Possible alignments for portions of the genomic codons 1n eight different plant and animal viruses are presented: tobacco mosaic, brome mosaic, alfalfa mosaic, sindbis, foot-and-mouth disease, polio, encephalomyocarditis, and cowpea mosaic viruses. Since in one of the viruses (polio) the aligned sequence has been identified as an RNA-dependent polymerase, this would imply the identification of the polymerases in the other viruses. A conserved fourteen-residue segment consisting of an Asp-Asp sequence flanked by hydrophobic residues has also been found in retroviral reverse transcriptases, a bacteriophage, influenza virus, cauliflower mosaic virus and hepatitis B virus, suggesting this span as a possible active site or nucleic add recognition region for the polymerases. Evolutionary implications are discussed.
INTRODUCTION
In the last five years the nucleotide sequence of genomic RNAs and DNAs have been determined for several animal, bacterial, and plant viruses. Table 1 lists several viruses which will be discussed in this report as well as references describing their codon sequences. portions of retroviral reverse transcriptases (Maloney murine leukemia virus (MuLV), Rous sarcoma virus (RSV), and T-cell leukemia virus (ATLV)) and the putative RNA polymerases of hepatitis B virus (HBV) and cauliflower mosaic virus (CaMV). Though Toh e_t a_K (6) were not able to align the sequences for the entire polymerases and transcriptases, they show an alignment for a 94-res1due segment shared by the various viruses. In the present report, possible Identification of the RNA-dependent polymerases as well as alignment of their entire sequences in TMV, AMV, BMV, SNBV, FMD, EMC, polio, and CPMV is given. A conserved Asp-Asp sequence flanked by generally hydrophobic residues was found in all the putative polymerases and is suggested as the probable active and/or recognition site region. Within the central portion of the 94-res1due segment relating reverse transcriptases or polymerases from HBV, RSV, MuLV, ATLV, and CaMV, there exists a 14-residue stretch that also conformed to the Asp-Asp region of the previously mentioned viral polymerases whose entire sequences were aligned. This putative active site segment was also found 1n the influenza virus (FLU) protein PA, suggesting Its function as an RNA polymerase. Furthermore, a homologous active site span was observed in the RNA repllease of bacteriophage MS2 (MSV). Evolutionary implications are discussed through an analysis of the extent of homology and residue physical characteristic correlations of aligned amino acids.
METHODS
Searches for homologous amino acid sequences were performed by the method of Jukes and Cantor (7). In comparing two sequences, every amino acid span of length L residues from the first protein is aligned with all stretches of length L 1n the second protein. The total minimum base difference (MBD) for each of the possible oligopeptide alignments is determined by sunming the minimum base change per codon (MBC/C) between paired amino acids in the aligned L-residue spans. The length L was chosen as 10 residues, a number which allows statistical significance and yet makes reasonable allowances for possible gaps. Significance is tested by calculating the ratio (P 0 bs/ p calc) for all possible MBD values resulting from a comparison of the two proteins. P obs 1s t ' ie freo . uenc y w i tn which a given MBD is observed in comparing all segments from the two proteins while P ca -| c is the expected frequency calculated from the amino acid compositions of the proteins compared. As the frequency ratio becomes increasingly larger than one, the significance of the homology becomes greater. The mean MBD value and associated standard deviation were also determined for each pairwise comparison of the several viral polymerases. Ten residue alignments were used that displayed a MBD value three or more standard deviations below the mean value. (14) . These characteristics were selected as they represent the major forces thought to be required for proper protein folding (15, 16) .
Three measures of hydrophobicity were used, as several have been calculated or empirically determined, but they do not necessarily correlate well (17) . The measures of hydrophobicity represent an empirical and two theoretical attempts to quantify this character for the amino adds. The bulk hydrophobicities of Manavalan and Ponnuswamy were calculated by averaging the Nozaki-Tanford transfer-free energies (18) for residues surrounding a given ami no acid type within known structures of soluble proteins. The values of Wolfenden e_t aj_. (8) result from measured vapor-water partition coefficients for model compounds corresponding to each of the amino acids. The values of Dayhoff were calculated from the relative frequency with which amino acids exchange in members of aligned primary structures in several protein families (10) . The combination of all three measures of hydrophobicity, as used in this report, should provide an adequate sample of the possible measures.
After the sequences of the individual proteins from EMC, polio, FHD, CPMV, SNBV, TMV, AMV, and BMV had been aligned, they were compared pairwise, and the parameters for each residue were determined, and correlation coefficients (14) were calculated. These values should indicate the extent of structural and evolutionary relatedness amongst the three viruses (cf. 19).
RESULTS AND DISCUSSION Sequence Alignment
The alignment of the major portion of the codons in AMV and BMV subgenomic RNA2s and codon segnents of the genomic RNAs of SNBV and TMV has been reported by Haseloff et al_. (5) . In the present work a MBC/C search was performed on the aforementioned viral sequences and a strong homology was also found. The alignment presented here ( Figure 1 ) is essentially similar to that of Haseloff e£ aK (5) except for segments about 40 residues long that relate the N-and C-terminal portions of SNBV to AMV, BMV, and TMV. The homologies In these spans were weaker and were aligned visually with the constraints of maintaining matched charged and hydrophobic residues described 1n the caption of Figure 1 . The alignments of the RNA-dependent RNA polymerases for EMC, FMD, polio and CPMV were taken from Argos et al_. (4) where, once again, the residue correlations were strong. In these two sets, each Involving the alignments of sequences from four different viruses, a completely conserved Gly-Asp-Asp segment was visually observed 1n roughly the same location along the sequences from the N-to C-termini. This observation prompted a search to determine If the rest of the primary structures could be aligned thereby allowing the identifications of the RNA-dependent RNA polymerase in AMV, BMV, TMV, and SNBV.
A MBC/C search using a probe length of 10 residues was performed for all possible pairwise comparisons among the four-viral sequences in each of the two sets of aligned residues, resulting in a total of 16 pairwise searches. All aligned ten-residue spans that displayed a MBD value of seven or less were compiled. The smallest MBD value observed was four in a Gly-Asp-Asp segment, heretofore referred to as the GDD span. The Pobs/Pcalc ratio for MBD=7 averaged near 1.5 in all the pairwise comparisons while the lowest MBD=4 corresponded to a ratio near 25. The probability of detecting a seven MBD value was of the order of 10" 4 which decreased to 10~*> for a HBD value of four. The mean MBD for each of the pairwise sequence comparisons was near 14 with a standard deviation of 2 such that HBD=7 was removed by 3.5a from the mean while MBD=4 corresponded to 5.0a. From the compiled list of segment alignments, several were chosen that would allow a contiguous alignment of the sequences from each of the four-viral sets. If one alignment was found between any two viruses 1n each of the sets, then the alignment for the remaining viruses in the region was Implied by virtue of the excellent match of each of the four-viral sets. TMV  QLQ-IDSVF  KGSNLFVAAP  AMV  MTLGR-IIPTT-PVPTIR  DVFFSG  BMV  MNPIEHRVSR-VIDT-HCHPDNP  DIS-TG  SNBV DQPECYKITYPQPLYSSS  VPANYSDPQFAVAVCN  FMD  GLIVDTRDVEE  RVHVMR  EMC  GA Are all the viruses mentioned here related by divergent evolution; i.e., have they derived from a common ancestral virus? The authors "feel" that the answer to the question 1s yes, an affirmation that 1s far from proven. The pros and cons of the query's answer will be subsequently discussed. Hopefully the alignments of Figures 1 and 3 will be useful in discovering the polymerase sequences of still further viruses.
